This paper presents the physical properties of a nonstandard orthorhombic form of MnV 2 O 6 , including a comparison with the isostructural orthorhombic niobate MnNb 2 O 6 , and with the usual MnV 2 O 6 monoclinic polymorph. Orthorhombic (P bcn) MnV 2 O 6 is obtained under extreme conditions of high pressure (6.7 GPa) and high temperature (800
I. INTRODUCTION
When crystallized at ambient pressure, manganese vanadate MnV 2 O 6 presents a monoclinic structure, the so-called brannerite, with the space group C2/m [1, 2] . This phase is characterized by chains of MnO 6 octahedra along the b axis, connected by parallel chains of VO 6 octahedra [1] . Slightly above 540
• C, this material undergoes a phase transition to a high-temperature pseudobrannerite phase, similar to brannerite but with a "rotation" of (VO 6 ) n chains around the b axis, with the oxygen O2 moving away from vanadium, whose coordination becomes a trigonal bipyramid, VO 5 [3] .
Under high pressure and high temperature, MnV 2 O 6 transforms into an orthorhombic P bcn crystal structure [4] . This pressure-induced transformation has been reported to involve an increase of vanadium coordination from "5 + 1" to 6, followed by a change in oxygen packing [1] . The resulting structure is the same observed for MnNb 2 O 6 , or, more generally, for ANb 2 O 6 , with A being typically an iron-group metal. It is characterized by magnetic A 2+ ions arranged in A-O layers (on the bc plane), separated by two nonmagnetic Nb 2+ planes along the a axis. This configuration contains weakly interacting magnetic chains [5] [6] [7] [8] , with the strongest exchange couplings occurring between A ions within each chain [8, 9] . Such interesting low-dimensional magnetic properties are one of the main motivations for the present study.
Unlike most of the AB 2 O 6 compounds (B = Ta, Nb), which exhibit low-dimensional properties, brannerite MnV 2 O 6 is known to be a three-dimensional (3D) antiferromagnet, with a Néel temperature T N = 19 K [1] . For comparison, the magnetic transition of MnNb 2 O 6 occurs at 4.40 K [10] [11] [12] . We have recently reported [8] on a series of isostructural compounds MnNb 2−x V x O 6 , for x 0.4, i.e., in the stability range of the P bcn structure. All the compounds showed quasi-one-dimensional (1D) magnetic behavior. To the best of our knowledge, studies on the magnetic properties of orthorhombic MnV 2 O 6 are lacking. In this paper, utilizing powder x-ray and neutron diffraction as well as magnetic and specific-heat measurements, we present a detailed investigation of the low-temperature magnetic properties of this form of MnV 2 O 6 synthesized at high pressure. We also present a comparison between the MnV 2 O 6 polymorphs and the related orthorhombic compound, MnNb 2 O 6 .
II. EXPERIMENTAL DETAILS
Samples were prepared with appropriate amounts of Mn acetate (C 4 H 6 MnO 4 · 4H 2 O) and V 2 O 5 . The mixture was ground, pressed into pellets, and heat treated at 400, 650, and 725
• C for 12, 16 and 48 h, respectively. All these heat treatments were interspersed with grinding processes. MnNb 2 O 6 was later subjected to another heat treatment at 1100
• C for 36 h, and MnV 2 O 6 at 725
• C for 48 h. The lower temperature of this latter heat treatment was necessary to avoid evaporation of the precursor, V 2 O 5 . This was done to ensure a unique phase, and immediately followed by a quenching process. After this treatment, the MnV 2 O 6 sample presented a monoclinic structure. This sample was then submitted to a high-temperature high-pressure process, 6.7 GPa at 800
• C for 1 h, in a belt-type press at the Néel Institut in Grenoble.
The sample purity was checked by an x-ray diffraction (XRD) analysis, followed by neutron diffraction (ND). The XRD was performed in Bragg-Brentano geometry, using Cu Kα radiation, with a scan step of 0.05
• , and an angular 2θ range from 10
• to 90
• . ND patterns were recorded with the double-axis high-flux diffractometer D1B operated by the CNRS at the Institut Laue-Langevin (ILL), Grenoble, using a 2.52Å wavelength selected by a pyrolytic graphite monochromator. D1B is a powder diffractometer operating with a monochromator take-off angle of 44 • (in 2θ ). In this configuration the multicounter is composed of 1280 cells, covering a total angular (2θ ) range of 128
• , in detector steps of 0.1
• . A vanadium sample holder was used. A Rietveld refinement with the FULLPROF suite package [13] was performed for XRD and ND data to extract the crystallographic and magnetic parameters. Agreement factors used in this paper are defined according to the guidelines of the Rietveld refinement [14] .
Magnetic properties were measured on powder samples, in the temperature range from 1.6 to 300 K, using an extraction magnetometer. Specific-heat measurements were performed on pellets (mass ∼5 mg) using the temperature-relaxation method, which consists of increasing the sample temperature with a known power, then fitting the temperature relaxation during heating and cooling. Measurements were carried out in the range of 1.8-300 K, using a physical property measurement system (PPMS, Quantum Design).
III. RESULTS AND DISCUSSION

A. X-ray diffraction
Sample synthesis began from the standard monoclinic material obtained at ambient pressure. Then, after the highpressure and high-temperature treatment, MnV 2 O 6 presented an orthorhombic P bcn space-group symmetry. Figure 1 shows a Rietveld analysis of the XRD pattern recorded at room temperature for the orthorhombic form. Table I shows the obtained parameters: atomic positions, cell parameters, and agreement factors R W P and R B of the Rietveld refinement. The unit-cell parameters are practically identical to those published by Gondrand et al. [4] . The corresponding values for the isostructural compound MnNb 2 O 6 are also given for comparison in Table I than that of MnNb 2 O 6 , with reductions of 4.6%, 2.8%, and 4.0% for the a, b, and c lattice constants, respectively.
B. Magnetic measurements
The dc susceptibility of MnV 2 O 6 samples, both orthorhombic and monoclinic, was recorded as a function of temperature with μ 0 H = 0.5 T. Results are plotted in Fig. 2(a) . An expanded view near the low-temperature peaks is shown in the plot inset, showing that these peaks are rather broad, a typical feature of low-dimensional magnetism. In such a case, the Néel temperature corresponds to an inflection point slightly below the maximum [15] . The monoclinic sample shows a transition at T N = 19 K. This is in fair agreement with the value of 20 K reported by Kimber and Attfield [1] , while Chuan-Cang et al. [2] obtained 17 K. In contrast, we observe a much reduced transition temperature, T N = 4.7 K, in the orthorhombic phase. This temperature is very close to the corresponding one for MnNb 2 O 6 , 4.7 K. In fact, as shown in Fig. 2(b) , the susceptibilities of these two P bcn compounds are very close throughout the whole temperature range, despite non-negligible differences in the unit-cell parameters (see Table I ).
The paramagnetic susceptibility was fitted to the CurieWeiss law, χ (T ) = C/(T − θ CW ), for temperatures well above T N . Table II which indicates almost negligible second-order orbital effects. This also means that no significant spin anisotropy should be expected, in contrast to the Ising-like behavior previously observed in other columbites such as (Co/Fe)Nb 2 O 6 [16, 17] . Curie-Weiss temperatures are negative, again very similar for the vanadium and niobium orthorhombic compounds, and quite large in absolute values, θ CW = −24.6 K for MnV 2 O 6 and −24.5 K for MnNb 2 O 6 . In contrast, the monoclinic form of MnV 2 O 6 presents a positive θ CW = 0.9 K, which is lower than the values reported in the literature (θ CW 5 K [1,2]), but still positive. We thus see that the dominant exchange interactions in the paramagnetic phase are respectively antiferromagnetic and ferromagnetic for the orthorhombic and monoclinic forms of MnV 2 O 6 , highlighting the importance of the crystal structure in determining such interactions.
Table II also lists the so-called "frustration index," defined as f = |θ CW |/T N . It is usual to consider that, for f values around 5 or larger, the system can be considered frustrated [18] . The possibility of having some kind of frustration in the compounds under analysis here will be discussed later on.
To complete this analysis of magnetic properties, isothermal magnetization curves for the orthorhombic MnV 2 O 6 compound are shown in Fig. 3 at various temperatures. Their behavior is typical of isotropic antiferromagnetism, in contrast to other ANb 2 O 6 orthorhombic systems (A = Fe, Ni), which present Ising-like ferromagnetic chains, and show spin-flip transitions [16, 19] in the ordered phase.
C. Specific-heat measurements
The magnetic transition of orthorhombic MnV 2 O 6 at low temperatures was also checked through specific-heat measurements. Figure 4 shows specific-heat (C P ) curves in a low-temperature region down to 1.8 K. Magnetic transitions are marked by lambda-shaped peaks, yielding T N values that agree with those from magnetic measurements (shown in Table II ). As seen above with χ (T ), the importance of the crystal structure is put into evidence by the C P (T ) behavior. A close similarity is observed between the orthorhombic compounds MnV 2 O 6 and MnNb 2 O 6 , in striking difference with the monoclinic form of MnV 2 O 6 .
D. Neutron diffraction
Neutron-diffraction measurements were carried out on the orthorhombic MnV 2 O 6 sample at 1.5 and 20 K, i.e., below and above the ordering temperature of 4.7 K. The Rietveld refinement of the low-temperature ND pattern (λ = 2.52Å) is shown in Fig. 5 . The first row of markers below the plot corresponds to Bragg positions of the P bcn (P 2 1 /b 2/c 2 1 /n) space group, and the second one to the magnetic phase (indicated as mag). As ND is more sensitive to light atoms such as oxygen, this refinement confirms that the oxygen octahedra are packed according to the P bcn crystal symmetry. Due to the almost null neutron coherent-scattering factor of the vanadium atom, its atomic-position parameters were constrained to those derived from XRD. An ND pattern was also recorded at 20 K (not shown in Fig. 5 ). Table III summarizes the structural parameters obtained from the Rietveld refinements at both 20 and 1.5 K.
The crystal structure of orthorhombic MnV 2 O 6 , highlighting zigzag chains that run along the c axis, is shown in Fig. 6 . These chains are formed by oxygen octahedra surrounding the Mn atoms. Our determination of the magnetic structure from the neutron data is discussed in detail in the Appendix. As a result, at 1.5 K we observe a magnetic order commensurate with the lattice, presenting a propagation vector k = (0,0, 1 2 ). In this configuration, magnetic moments lie essentially on the bc plane, forming a "+ + − −" sequence along the chains, with the closest moments on nearest-neighbor chains oriented antiparallel to each other. Such a magnetic structure has yet to be reported in any other columbite compound. In particular, it differs from that of MnNb 2 O 6 , which exhibits antiferromagnetic (AF) zigzag chains forming a "+ − +−" spin sequence along the c axis [8] . of Mn 2+ is 3.76 (5)μ B . This value is lower than the spin-only magnetic moment (5μ B ), which may be due to some covalence that is typical in insulating oxides [1] . The zero-moment point in Fig. 7 corresponds to an ND pattern recorded at 5.5 K, which shows no peak related to the magnetic structure, confirming that the system is paramagnetic at that temperature.
E. Discussion
Different magnetic behaviors have been observed here for two MnV 2 O 6 polymorphs, which most probably are due to their different crystal structures. Reasoning in this direction, we will develop arguments that help us understand these differences. In the monoclinic form, a Mn 2+ cation is located at the center of a compressed octahedron, with four oxygens at 2.195Å on a plane, and two shorter bonds (1.992Å) to the apical O 2− ions. The orthorhombic phase shows a less symmetric Mn environment, in which three pairs of Mn-O distances are observed (2.021, 2.348, and 2.426Å) so that the mean Mn-O distance changes from 2.127 to 2.265Å between the C2/m and P bcn crystal structures. On the other hand, these pairs of oxygen neighbors do not yield a net anisotropy, while the axially compressed octahedron does lead to an easy axis in monoclinic MnV 2 O 6 [20] . This helps one to understand why the Néel temperatures are so different, since an Ising-like system can order in two dimensions, but a Heisenberg one must involve interplane interactions. Here, again, there is an important structural difference: The lattice parameter a (interplane direction) has values near 9.3Å in the monoclinic form and 13.7Å in the orthorhombic one. Hence, the interplane interactions, ultimately responsible for stabilizing magnetic order, should be weaker in the latter.
The orthorhombic variant features zigzag chains of MnO 6 edge-sharing octahedra running along the c axis. Superexchange occurs through Mn-O-Mn bonds making angles of 86.8
• . Actually, there are two such bonds, through two oxygens at the vertices of a shared edge. According to the GoudenoughKanamori rules [21] , such near-90°bond angles should yield (weak) ferromagnetic (FM) superexchange within a chain, involving t 2g orbitals. These bond angles are slightly larger in the brannerite, but still closer to 90
• than to 180
• . So, FM couplings along the chains, although weak, could be dominant, explaining the positive Curie-Weiss temperature. In contrast, the larger and negative values of θ CW observed in the columbite compounds (with V or Nb) seem to be due to interchain AF couplings, possibly a direct Mn-Mn exchange through e g orbitals. This is consistent with the in-plane order observed in Fig. 6 . Nevertheless, such a planar structure can only be stabilized through interplane coupling, as we mentioned before. Since T N is substantially smaller than θ CW , we have a large frustration index, as indicated in Table II . However, there is no geometric frustration here, in contrast to what was observed for columbites [16, 19] with antiferromagnetically coupled FM Ising chains. In the present case, a low T N arises from the (quasi)low dimensionality and isotropy of the spin system, which can only order in three dimensions, so that the scale of T N is determined by the weakest exchange interaction.
IV. CONCLUSIONS
We report an investigation of the physical properties of MnV 2 O 6 in the columbite crystal structure, with P bcn symmetry, obtained after a high-temperature and high-pressure treatment of brannerite MnV 2 O 6 , with the space group C2/m.
Both polymorphs share some common features: chains of edge-sharing oxygen octahedra along the c (or b) axis, with a Mn ion at the center of each octahedron; a parallel arrangement of these chains on the bc plane; and weak interplane coupling along the a axis, through layers containing the V ions. But the orientation of the octahedra changes in such a way that there are straight rutile-type MnO 6 chains in the monoclinic form against the zigzag ones in the orthorhombic. Then, subtle differences in the competing exchange interactions lead to quite distinct magnetic behaviors. For instance, the competition between FM intrachain and AF interchain coupling on each magnetic layer yields a spin sequence "+ + − −" in the columbite form below T N , so that the planar spin pattern is as depicted in Fig. 6 . In contrast, brannerite MnV 2 O 6 was reported to present AF-ordered FM chains [1] . In both cases, since no significant magnetic anisotropy is seen, magnetic ordering is ultimately 3D, stabilized by interplane coupling. In this context, the relatively large difference in T N (19 K for the brannerite, 4.7 K for the columbite) can be consistently correlated to the interplane distances in these compounds. On the other hand, at high temperatures the net exchange interactions end up being dominated by weak intrachain FM coupling in the monoclinic compound, yielding a small positive Curie-Weiss temperature, while interchain AF coupling is seen to be more important in the orthorhombic one, which shows a large negative θ CW .
It is worth remarking that the relevance of the lattice structure is confirmed by the very similar magnetic properties of the columbite MnV 2 O 6 and the isostructural MnNb 2 O 6 , with only small quantitative differences that may be explained by different unit-cell parameters. However, even though the transition temperatures are almost coincident, the intrachain ordering is not the same, with the Nb compound showing a simple alternating sequence "+ − +−" [8] . , − y +
In conclusion, this study reveals an antiferromagnetic Heisenberg system, MnV 2 O 6 in the columbite form. A comparison with its brannerite polymorph and with MnNb 2 O 6 , another columbite compound involving the same cation, puts into evidence the interplay between competing exchange interactions and low-dimensionality effects in determining the magnetic properties of this class of systems.
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APPENDIX: MAGNETIC STRUCTURE DETERMINATION
In order to determine the propagation vector k, we used the software K-SEARCH, which is part of the FULLPROF package [13] . Using BASIREPS (also part of FULLPROF) we found two two-dimensional irreducible representations of G k = P bcn, giving rise to many solutions of different symmetries for the possible magnetic structures. We then explored the maximal magnetic Shubnikov groups compatible with the propagation ). With the information on crystal structure, space group, and propagation vector, we used the program MAXMAGN, from the Bilbao Crystallographic Server [22] , which gave us four maximal magnetic groups enabling a nonzero magnetic moment. These four groups [in the standard setting with Belov-Neronova-Smirnova (BNS) notation] are P a nn2, P a nc2, P a 2 1 /c-I, and P a 2 1 /c-II. Descriptions I and II have different origins (center of symmetry) with respect to the parent paramagnetic group P bcn1 , and a different orientation of the magnetic unit cell with respect to that of the paramagnetic group. None of the orthorhombic magnetic groups provided a solution for the magnetic structure. We obtained that a magnetic structure corresponding to the group P a 2 1 /c-I is the only one that fits very well the experimental data.
A list of symmetry operators of the P a 2 1 /c-I group in the nonstandard setting of the parent paramagnetic group P bcn1 is provided in Table IV , using the Opechowski-Guccione notation (OG), best adapted to the propagation-vector formalism. The first block lists operators strictly necessary to describe the magnetic structure, not associated with time reversal (+1 symbol). The second block corresponds to the antitranslation (0,0,1) , associated with time reversal (−1 symbol), which plays the same role as the propagation vector k = (0,0, 1 2 ). The transformation from the standard setting to the setting used here is (b, − c, − a; 0,0,0). The special position of Mn in the paramagnetic space group P bcn1 becomes a general position in the P a 2 1 /c group. Since the OG notation always uses the crystallographic-cell basis, Mn coordinates in this setting are (0,y, 1 4 ) with y ∼ 0.183, identical to those in P bcn. There is no constraint on magnetic-moment orientation for the first representative Mn atom. Both monoclinic descriptions display a different sequence of magnetic-moment components in the parent-group basis, and only the sequence of group BNS P a 2 1 /c agrees with the experimental data. This is shown in Table V. 
